W
e recently evaluated the relationship between abiotic environmental stresses and lutein biosynthesis in the green microalga Dunaliella salina and suggested a rational design of stressdriven adaptive evolution experiments for carotenoids production in microalgae. Here, we summarize our recent findings regarding the biotechnological production of carotenoids from microalgae and outline emerging technology in this field. Carotenoid metabolic pathways are characterized in several representative algal species as they pave the way for biotechnology development. The adaptive evolution strategy is highlighted in connection with enhanced growth rate and carotenoid metabolism. In addition, available genetic modification tools are described, with emphasis on model species. A brief discussion on the role of lights as limiting factors in carotenoid production in microalgae is also included. Overall, our analysis suggests that light-driven metabolism and the photosynthetic efficiency of microalgae in photobioreactors are the main bottlenecks in enhancing biotechnological potential of carotenoid production from microalgae.
Global climate change and environmental issues provide an impetus for a transition to a bio-based economy with a low carbon footprint. Microalgae have been considered as promising feedstocks for applications in food and feed production, bioactive pharmaceuticals, and biofuels, [1] [2] [3] as they possess several unique properties. Microalgae as primary producers are a major part of phytoplankton community, found in almost all marine and fresh water ecosystems. They are photosynthetic eukaryotes capable of fixing CO 2 into biomass with a higher efficiency of photosynthesis than vascular plants. 4 They are also highly diverse; for example, diatoms are evolutionarily different from green algae. 5 Many species of microalgae are easy to cultivate with inexpensive media and they don't compete directly with agricultural crops for water or land. There are also genetic modification tools 6 available that make it possible to engineer microalgae for the efficient production of desired products. In addition, microalgae are a rich source of natural value-added products, such as carotenoids and unsaturated fatty acids. There is a high demand for naturally synthesized carotenoids such as β-carotene and lutein in global markets. 7 However, the productivity of carotenoids in microalgae has historically been low, and the economic viability of algal biotechnology is limited by processing costs and photosynthetic efficiency, as well as by productivity in algal cultures.
We recently evaluated the relationship between abiotic environmental stresses and lutein biosynthesis in the green microalga Dunaliella salina. 8 analysis of stress conditions revealed that the adaptability of Dunaliella cells varied significantly in response to different environmental changes. Therefore, a guideline was proposed for stress-driven adaptive evolution experiments. 8 Rational design of adaptive evolution experiments may be an effective approach for optimizing the production of carotenoids. However, it is also important to understand carotenoid metabolism and characterize the relevant rate-limiting steps prior to the rational design. The characterization of metabolic pathways can also pave the way for further design of algal cell factories through metabolic engineering approaches. The current study summarizes the major pathways of carotenoid metabolism in several representative species of green algae and diatoms, i.e., Chlorella vulgaris, D. salina, Haematococcus pluvialis, and Phaeodactylum tricornutum. Recent efforts in genetic engineering, as well as adaptive evolution for overproduction of carotenoids, are briefly introduced and the biotechnological implications of these studies are discussed.
Carotenoids play an essential role in the light harvesting complex of microalgae and higher plants. Carotenoid biosynthesis is complex, as it is coordinated with the biogenesis of chlorophylls, the photosynthetic apparatus and electron transport. 9, 10 The first step in the carotenoid biosynthetic pathway is the condensation of two molecules of geranylgeranyl diphosphate (GGPP) to produce C40 phytoene, a common precursor of other carotenoids in microalgae. 11 The metabolic pathways of carotenoids in green algae and diatoms are shown in Figure 1 . Major carotenoids are illustrated in several representative microalgae. All of these microalgae are either model species or industrially important. The green algae Chlorella, Dunaliella, and Haematococcus all belong to the phylum Chlorophyta, while the diatom Phaeodactylum is in the phylum Heterokontophyta.
12 Some carotenoids, such as diadinoxanthin, diatoxanthin, and fucoxanthin, are only present in diatoms, while others, such as δ-carotene, ε-carotene, α-carotene, lutein, and astaxanthin, are only produced in green algae (Fig. 1) . Some algal species may accumulate large amounts of specialty carotenoids. For instance, D. salina can overproduce β-carotene and lutein under stress conditions and H. pluvialis is a good producer of astaxanthin. 13 As microalgae are able to synthesize very diverse carotenoid species, characterization of metabolic pathways is an important step prior to engineering algal strains for industrial applications.
LED-based photobioreactor (PBR) systems 19 can be used to cultivate algae intensively at high densities. However, photolimitation due to mutual shading is ubiquitous in all sizes of PBRs during scale-up. The radial mixing time 26 calculated for a bubble column PBR 19 with a radius of 2.0 cm and a length of 30.0 cm can be as long as 30 s, and increases as PBR size increases (Fig. 2) . The additional light-dark cycle caused by radial mixing results in limited exposure of algae to lights and reduced growth rate. In the meantime, oversaturated light intensity provided on the surface of PBRs may lead to photodamage to algal cells which move into these areas. Photolimitation and photoinhibition, which exist simultaneously in tubular PBRs, largely limit the biomass yield as well as photosynthetic efficiency in algal culture, thereby reducing the overall productivity of desired carotenoids. Efforts are needed to optimize the light harvesting system of microalgae, in order to improve the biomass yields as well as photosynthetic efficiencies.
It is well known that organisms adapt to environmental changes through the fixation of mutations that enhance reproductive success.
14 Long-term adaptation on an unusual and poor carbon source for bacteria would select for mutants with optimal Green and orange dots refer to carotenoid species present only in green algae and only in diatoms, respectively, while gray dots show carotenoids which are present in both green algae and diatoms. Names of green microalgae are shown in green boxes, while the diatom Phaeodactylum is shown in an orange box. abbreviations: phyto, phytoene; lycop, lycopene; d-car, δ-carotene; e-car, ε-carotene; a-car, α-carotene; lute, lutein; g-car, γ-carotene; b-car, β-carotene; b-cryp, β-cryptoxanthin; zeax, zeaxanthin; anthx, antheraxanthin; violx, violaxanthin; neox, neoxanthin; astax, astaxanthin; diadx, diadinoxanthin; diatx, diatoxanthin; fucox, fucoxanthin.
biomass yields. 15, 16 Adaptive laboratory evolution (ALE) has been widely utilized as a tool for developing new biological and phenotypic functions and exploring strain improvement in synthetic biology for bacteria. 17 Adaptation studies on Dunaliella date back to the 1970s; 18 however, adaptive evolution is still a novel approach for improving strain performance in algal biotechnology, as evolutionary dynamics is more complex in photosynthetic eukaryotes than in bacteria. With the aid of LED technology, the effects of light quality (e.g., red light with or without blue light) can be addressed under defined LED illumination. Rational design of adaptive evolution experiments can therefore be performed under light stress conditions. In a previous study, an adaptive evolution approach was developed to evolve a strain of the microalga C. vulgaris with an improved growth rate and biomass yield under light stress conditions. 19 We also found that light quality was critical for D. salina in response to light stress, and the application of adaptive evolution yielded strains with increased accumulation of carotenoids under combined blue and red lights. 20 The photosynthetic efficiencies and biomass productivities for three different algal species, including those discussed above, are summarized in Table 1 . It can be seen that improved biomass productivity, biomass yield, and photosynthetic efficiency was achieved for both D. salina and C. vulgaris by using ALE and by adjusting the amount of illumination and/or the wavelengths of incident LED light. The data in Table 2 show that the light quality, i.e., the presence of blue light, helped to enhance the accumulation of major carotenoids in microalgae, specifically, lutein and β-carotene in D. salina after ALE and fucoxanthin in P. tricornutum prior to ALE. It is hypothesized that adaptive evolution will also improve the growth performance of P. tricornutum, as was observed for D. salina and C. vulgaris (this study is ongoing). It has been reported elsewhere that growth performance, as well as lipid productivity, of the green microalga Chlamydomonas reinhardtti was also enhanced by adaptive evolution. 21 These findings demonstrate that adaptive evolution can be an effective strategy for selecting economically valuable traits in microalgae. Understanding how laboratory selection drives algal evolution is a key challenge in evolutionary engineering. Further study should be undertaken in order to gain a better understanding of adaptation mechanisms and the interactions between genetic and environmental variables. Genome resequencing and comparative genomics are needed to decipher the genetically inheritable adaptation of algal species to specific environmental settings for rapid selection and evolution.
Metabolic engineering and genetic engineering are also likely to play an important role in developing microalgae for improved productivity of a desired product through the direct manipulation of metabolic pathways. Genetic modification tools have been developed for some algal species. A glass bead transformation system for D. salina has been established and a duplicated carbonic anhydrase 1 promoter has been used for stable nuclear transformation. 22 An RNA interference approach has also been applied to inhibit gene expression in D. salina. 23 Molecular biology tools for gene manipulation have also been developed in diatoms. 24 Microprojectile bombardment and electroporation methods have been applied successfully to introduce foreign DNA into Phaeodactylum cells. 24, 25 The shuttle vector pPha-NR with inducible nitrate reductase promoter system (GenBank: JN180663) has been constructed for controllable expression of foreign genes. Although the tools for algal transformation are still limited and high efficiency methods would be desirable, it is feasible to engineer certain algal species of interest for valuable carotenoid production in industry. The application of metabolic engineering and genetic engineering has shown promise in producing carotenoids in microalgae, 27 as well as in yeast. 28 However, due to the complexity of carotenoid metabolic pathways, carotenoid yields in eukaryotic cells with DNA recombination technology have been much lower than the yields achieved by other methods. For example, optimizing cultivation systems and developing an appropriate two-stage culture mode, 29, 30 as shown in Table 3 , achieved higher production yields than the DNA recombination method. In the meantime, it is likely that algal species have been evolved to accumulate certain carotenoids during natural evolution. 20 It is recommended that future research focuses on the combination of new metabolic engineering strategies, strain selection, bioreactor design and cultivation optimization to achieve microalgal production of carotenoids at low costs, high yields and in an environmentally friendly manner.
In summary, engineering microalgae for carotenoid production with the ultimate aim of industrial applications should place emphasis not only on enhancing the accumulation of desired carotenoids, but also on optimizing the light harvesting system of microalgae. It should be possible to significantly improve the overall productivity in this way.
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